In order to provide a multiple services, especially multimedia and high-bit-rate packet data, Universal Mobile Telecommunication Services adopted Wideband Code Division Multiple Access (WCDMA) act as the mainstream air interface solution for the third-generation networks. An in-depth study of Soft Handoff (SHO) in the downlink direction of WCDMA network is carried out. The link-level study begins with the SHO effects on the downlink interference analysis and power allocation for each downlink-dedicated channel. To the users at the cell boundaries, the inter-cell interference is the main part of the total interference, especially with higher orthogonality. Simulation result shows that SHO decreases the probability of over-power Quality of Service (QoS) deterioration for the users at cell boundaries.
Introduction
Soft Handoff (SHO) is an important feature of cellular Wideband Code Division Multiple Access (WCDMA) systems, where in Mobile Stations (MSs) within a SHO region use multiple radio channels and receive their signals from multiple Base Stations (BSs) simultaneously (Holma and Toskala, 2004) . SHO is different from a conventional hard handoff (HHO). With HHO, a definite decision is made on whether to handoff and the mobile only communicates with one BS at a time. With SHO, a conditional decision is made on whether to handoff depending on the changes in pilot signal strength from the two or more BSs involved (Wong and Lim, 1997) . Only after it is cleared, that signal from one BS is considerably higher than the others, a hard decision is made to communicate with only one BS. Previous studies have shown that SHO in uplink direction can increase the capacity and enlarge the cell coverage (Viterbi et al., 1994) . In downlink direction, although the individual link quality can be improved, extra channels are needed to support SHO process. Therefore, there is a trade-off between the macrodiversity and the extra resource consumption. Besides that, higher capacity requirements are needed in downlink direction to support asymmetric service nature in third-generation (3G) systems. Thus, downlink more likely becomes a bottleneck factor for the 3G network.
Apart from handling mobility, there is another reason for implementing SHO in WCDMA; together with power control, SHO is also used as an interference-reduction mechanism. The fade margin analysis in Suman, William Michael and Harish (2005) shows how individual uplink performance can benefit from selective diversity offered by SHO. In Reig (2006) , the uplink SHO gain offered by the selection combining is estimated from a link level simulation. The features of interference are very different for the uplink and downlink, so that the performance of SHO needs to be analysed separately in each direction. Previous research for analysing SHO performance in the uplink is more comprehensive than that in the downlink. It is well believed that 1 In the uplink, SHO can increase the capacity and enlarge the coverage (Viterbi et al., 1994; Suman, William Michael and Harish, 2005; Reig, 2006; Seth, Gupta and Momaya, 2007) .
2 In the downlink direction, SHO improves the individual link quality by providing the macro-diversity.
In Narrainen and Takawira (2001) , a comparison in terms of signal-to-interference ratio (SIR) between SHO and HHO was investigated and the article verified that, compared with HHO, SHO has better performance in terms of SIR.
SHO effects on the downlink interference are quite complicated, depending on factors such as the location of the mobile, the radio attenuation and the power division strategy employed. In order to analyse the performance of WCDMA cellular systems with SHO, we proposed new modelling strategies to evaluate the performance indices of SHO schemes. At first, we introduced the concept of intra-and inter-cell interferences for different orthogonality factors to the relative distance from the mobile to its serving BS. Then, we developed a corresponding algorithm for relative downlink interference to radio parameters. Further, we developed a downlink power allocation for 2-and 3-way SHOs and the results were compared with HHO. Finally, the average downlink traffic channel power for mobiles at different locations was also developed.
In Section 2, the radio channel model for WCDMA systems is presented. Then, the propagation loss is described and the model is illustrated for 19 co-channel macro-cell structure. Obtaining performance measures of the downlink interference in both interand intra-cell interferences is analysed in Section 3. To guarantee the Quality of Service (QoS), the BS needs to allocate the proper amount of power to each mobile to compensate for the interference, since power allocation is a very important factor for WCDMA systems. Consequently, power allocation for without SHO; 2-and 3-way SHOs is presented in Section 4. The simulation results are provided in Section 5. Finally, conclusions are made in Section 6.
Radio channel model
The radio channel is modelled as the product of the th power of distance, indicating the path loss and a log-normal component representing shadowing losses. For a mobile at a distance r from its serving BS, the propagation attenuation is proportional to /10 BS 10 L r
where is the path loss exponent with a typical value of 4; (in dB) follows a Gaussian distribution, representing the attenuation due to shadowing, with zero mean and a SD of which is independent of the distance; it ranges from 5 to 12 with a typical value of 8-10 dB for macro-cell. The shadowing loss is correlated between BSs. It is possible to express the random component of the dB loss for the ith BS as
where a is a component in the near field of the mobile which is common for all the BSs; and i b is a component that pertains solely to a certain BS which is independent from one BS to another. The constants a and b have the relationship a 2 + b 2 = 1.
( ) 0 for all and , .
Thus, the normalised covariance (correlation coefficient) of the losses to two BSs; BS i and BS j , is
Normally, the correlation between BSs is applied as 2 2 1/ 2 a b . Figure 1 shows a WCDMA system scenario with BS 1 as the reference cell, interfered by 18 cells of surrounding two tiers of cells. Here, only BSs in the first and second tiers around the BS 1 are considered because, the interference power received from the outside tier is too small and considered negligible. The cell border represents the SHO zone. MS at any location within that SHO zone can experience 1-, 2-and 3-way SHO mechanisms depending on the received signal quality. The path loss is calculated based on the COST231-Hata propagation model (Lee and Steele, 1998) . However, multipath fading is assumed perfectly combated by the RAKE receiver.
In link-level simulation, only one MS is used and it is moved towards cell boundaries from initial position of 0.5R (R is the cell radius). This initial position is used because intra-and inter-cell interferences, and SHO effect can be clearly observed starting from that location. Simulations are developed in MATLAB codes.
Downlink interference
WCDMA systems are interference-limited and so interference evaluation is one of the fundamental procedures for analysing the WCDMA systems (Sipila et al., 2000) . The total interference experienced by a mobile is composed of two parts: intra-and inter-cell interferences. In the uplink, to a certain mobile, the intra-cell interference comes from all the other mobiles served by the same BS; the inter-cell interference is composed of all the signals received from all the mobiles in other cells other than the mobile's serving cell. Therefore, in the uplink, the interference experienced by a certain mobile is related to the load distribution within the network, but not related to the mobile's own location. In the downlink, the intra-cell interference to a certain mobile comes from its serving BS: this interference is caused by the partial loss of the orthogonality among the users due to the multipath effect. WCDMA employs the orthogonal codes in the downlink to separate users and without any multipath propagation the orthogonality remains and there is no intra-cell interference. Typically, the orthogonality is between 0.4 and 0.9 (1 corresponds to perfect orthogonality; Ling, Love and Wang, 2000) . Actually, the intra-cell interference includes part of the power for common control channels and the power for the downlink traffic channels for other users in the same cell. The inter-cell interference is the power received by the mobile from all the other BSs except for its own serving BS. Because in WCDMA frequency division duplex mode, BSs are not synchronised, the inter-cell interference does not get benefits from the orthogonality as happens with the intra-cell interference. Because the interference sources are fixed BSs in the downlink direction to a certain mobile, the downlink interference is inevitably linked to the mobile's location.
Link-level performance is evaluated in terms of total interference experienced by each MS and also total transmit power of the BS. The intra-cell interference to a certain mobile comes from its serving BS and caused by the partial loss of the orthogonality among the users due to multipath effect. The orthogonality of one corresponds to perfect orthogonal users. Intra-cell interference can be expressed as:
where 1 Total,BS P is the total transmit power of BS 1 ; a is the downlink orthogonal factor with 1 for perfect orthogonality and 0 for non-orthogonality, because both the intra-cell interference and the desired signal are transmitted from the same source, also they experience the same attenuation. Thus, there is no need to use power control in a single cell system. The inter-cell interference is the power received by an MS from all other BSs except its own serving BS. Assuming the load is uniformly distributed within the system and the total transmit power of each BS is the same, inter-cell interference can be written as:
where BS i L is the path loss from neighbouring BS; N is the index of the BSs (here N = 19) and P Total,BS , is the total transmit power of BS i which are taken into account for the inter-cell interference. Theoretically, the inter-cell interference comes from all the BSs around other than the serving BS. Here, the BSs in the first and second tiers around BS 1 are considered because, the power received from the BSs outside the second tier is negligible. It is clear that to a certain mobile, the downlink interference is closely related to the mobile's location. This is because the interference sources are fixed BSs in the downlink direction. Assuming that the load is uniformly distributed within the system and the total transmit power of each BS is the same, denoted by P Total,BS .
Equation (9) 
where the factor provides a measure of the inter-cell interference to the total BS transmit power.
is related to the mobile's location. Here, the cell radius R is normalised to 1. Ignoring the thermal noise, the ratio of the inter-cell interference to the intra-cell interference, denoted by can be expressed as 
The above equation shows the mean of the inter-to intra-cell interferences ratio for mobiles at different locations within one hexagonal cell. Inter-cell interference is the main reason for applying power control in the downlink and it is especially important to the corner users of multi-cell systems.
Power allocation during Soft Handoff
To guarantee the QoS, the BS needs to allocate the proper amount of power to each mobile to compensate the interference. Power allocation is a very important procedure for WCDMA systems. The total transmit power of the BS is composed of two parts: one part is for the downlink common control channels, such as the common pilot channel, the synchronisation channel and the other part of power is allocated for users as dedicated downlink channels. Normally, the power for common control channels represents about 20-30% of the total BS transmit power (Smith, 2007) . In order to minimise the interference and the radio resource consumption, the system tries to allocate as little power as possible to each dedicated channel for individual users, but depends on the QoS requirement. Under perfect downlink power control, the received bit energy-to-interference power spectral density ratio E b /I o of all mobiles is kept at the target value. When the mobile is only linked to one BS, only one downlink dedicated channel is active to this mobile, but when the mobile is in SHO status, at least two BSs are involved in the power allocation. These two situations are analysed separately. These two situations are power allocation without SHO and power allocation with SHO. In power allocation with SHO; 2-and 3-way SHOs are considered. In the first situation, without SHO, the mobile only communicates with one BS at a time. Assuming BS 1 is its serving BS, the mobile received E b /I o can be expressed as (1 )
where R is the service bit rate; v is the activity factor and W is the chip rate. Here, the thermal noise is ignored. Thus, to keep the QoS meeting the target, the required transmit power of the downlink channel P T can be derived from Equation (14) 
where 1 is the factor which shows the relative strength of the required power for the mobile located at r 1 without SHO. However, when mobile is in a SHO status, all the BSs in the active set need to allocate proper power for the downlink channel linked to the mobile. With 2-way SHO; BS 1 and BS 2 are the mobile's serving BSs, then the desired signal from the two active BSs are combined together using maximal ratio combining technique. The received E b /I o of the mobile can be expressed as:
In the perfect situation, P T1 = P T2 . Therefore, the total transmit power for downlink channel can be 
where r 1 and r 2 represent the distance from the mobile to BS 1 and BS 2 , respectively, P T1 and P T2 are the transmit power from BS 1 and BS 2, respectively. During the SHO process, two power control loops are active. To prevent the power drifting, several strategies are proposed and the balanced power control which is adopted by 3GPP [ETSI TR 125 922] is used (Kari et al., 1999; Ni et al., 2005) . As well as the inner closed loop power control, an adjustment loop is employed for balancing the downlink power among active set cells during macro-diversity. This power control strategy avoids power drifting that leads to increased transmission power and stability problems.
Factor 2 shows the relative strength of the total required power for the mobile under 2-way SHO.
Similarly for a mobile under 3-way SHO, the received
Factor 3 shows the relative strength of the total required power for the mobile under 3-way SHO.
Simulation results
Simulation result depicted in Figure 2 shows that intra-cell interference is reduced by the orthogonality factor. With a typical orthogonality value between 0.4 and 0.9 in multipath channels, we can see almost 7 dB interference difference. When the orthogonality among the downlink channels from the same BS is well preserved, the intra-cell interference can be alleviated. Figure 3 illustrates the inter-cell interference experienced by user that moves towards cell border. It is shown that inter-cell interference is very much related to the user's location and it becomes the limiting factor for user close to the cell border. Figure 4 shows the mean value of for mobiles at different locations within one hexagonal cell. Because, the cell radius R is normalised to 1, is not the actual value of the ratio of the inter-cell interference to Total,BS P , but the relative inter-cell interference level experienced by mobiles at different locations. It is obvious that the inter-cell interference is closely related to the mobile's location, not only to the distance r, but also to the angle . The mobiles near the cell boundary (both corner and edge) receive the highest inter-cell interference. Figure 4 Relative downlink inter-cell interference to radio parameters Figure 5 shows the mean value of inter-to intra-cell interferences ratio for mobiles at different locations within one hexagonal cell. Therefore, inter-cell interference is the main reason for applying power control in the downlink and it is especially important to the corner users of multi-cell systems. Figures 4 and 5 show the sensitivity of the factors and to different radio parameters: the x-axis shows the relative distance from the mobile to its serving BS. is the path loss exponent; is the SD of shadowing and a is the downlink orthogonal factor. 3 . This means more power is needed to support SHO to keep the same E b /I o target: the more BSs in the active set require more power. When shadowing is considered, the attenuation of the radio channel is dynamically changing. The power allocated to a certain user acts as interference for other users. Therefore, 1 , 2 , and 3 also indicate how much interference is being brought by the mobiles in different situations. Figures 6 and 7 show the mean value of 1 , 2 , and 3 for mobiles at different locations. r 1 /R is the normalised distance from the mobile to BS 1 . Other parameters use typical values as W = 3840 kchip/s, R = 12.2 kbit/s, v = 0.5, = 4, a = 0.6, E b /I o = 5 dB. In Figure 7 , the mean values of 1 , 2 , and 3 are shown with = 8 dB. It is clear that for the mobiles near the cell boundary, with SHO, less average power is needed to meet the same E b /I o target. For corner users, 2-way SHO always has better performance than 3-way SHO. 1 With HHO, less power is needed when user is close to serving BS. However, at relative distance of 0.8, more power is needed to support HHO compared to SHO, hence more power is required to overcome propagation loss, interference and also to maintain the QoS.
3 3-Way SHO requires less power than HHO at R = 0.97. However, it still need more transmit power than 2-way SHO. Hence, it is obviously shown that 2-way SHO has a better performance than 3-way SHO and HHO.
Conclusions
In this article, we have analysed the link level performance of WCDMA system. Analysis focused on the downlink SHO WCDMA system. Based on the analysis of the downlink interference and SHO effects on the individual link, conclusions can be drawn as follows:
In the downlink, the inter-cell interference is related closely to the location of the mobile users and at the cell boundaries it acts as main part of total interference, especially with higher orthogonality. SHO decreases the total average power needed by the mobiles at the cell boundaries. For corner users, the average interference introduced by 3-way SHO is less than that by 2-way SHO. SHO decreases the probability of over-power and QoS deterioration for the users at cell boundaries.
